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Abstract

In different plant community types, carbon, nitrogen, and phosphorus allocation is strongly influenced by environmental fac-
tors and differences in community composition. On the horizontal water gradient from west to east in the northern Tibetan
Plateau, differences in water gradients alter community composition and nutrient distribution. In this study, the effects of
community differences on nutrient cycling under different water conditions were analyzed in the northern Tibetan Plateau.
The effects of community changes on element distribution under different precipitation gradients were analyzed in 19 plots
along horizontal gradients from west to east. Plant community coverage increased from 2.4 to 95.6%; there was no sig-
nificant difference in biomass among different communities. a-Diversity increased gradually from west to east community
diversity, and soil water content was significantly positively correlated. The carbon content in the community decreased
with the increase of water gradient from west to east, whereas community nitrogen and phosphorus contents increased. As
a result, there was a significant negative correlation between C/N (carbon/nitrogen) and C/P (carbon/phosphorus) in the
community and soil water content. Soil organic carbon varied significantly among different community types, and soil total
phosphorus varied among geographical regions. The difference of soil carbon and phosphorus resulted in the increase of soil
C/P (carbon/phosphorus) but decrease of community C/P (carbon/phosphorus). Therefore, phosphorus limitation on plant
growth was most prominent in the east of northern Tibetan Plateau. In the northern Tibetan Plateau, changes along a water
gradient directly affected plant community composition and distribution and thus changed distributions of carbon, nitrogen,
and phosphorus contents between plants and soil.

Keywords Grassland - Community characteristics - Soil moisture - C/N/P (carbon/nitrogen/phosphorus) - Plant diversity

1 Introduction

Water is an important factor affecting the succession of ter-
restrial ecosystems (Allen et al. 2010). Precipitation can
promote plant growth (Zhu et al. 2023a) and improve soil
microorganisms and animal activities (Chen et al. 2010),
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thus affecting soil development. Previous studies have shown
that global warming has accelerated the water cycle pro-
cesses of the global ecosystem, and global total precipita-
tion has shown an increasing trend in the past 100 years
(Zhang et al. 2018a; Folland et al. 2001). The average annual
precipitation will increase in high- and middle-latitude
moist areas, whereas decreases in annual precipitation are
expected in mid-latitude dry areas, resulting in an increase
in extreme weather events such as extreme heat, drought, and
flooding (Unger and Jongen 2015). Moreover, the increased
rainfall in extreme weather leads to the reduction of water
available to plants (Trenberth 2011). Therefore, the future
changes in precipitation patterns of terrestrial ecosystems
caused by global climate change are particularly important,
especially in water-sensitive areas. The northern part of the
Qinghai-Tibet Plateau is a typical alpine desert to grassland
transition zone with precipitation gradient from 50 to 200
mm. Thus, water is an important factor affecting community
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diversity and element cycling in different vegetation types
in this region.

Community diversity is an important index reflecting
community characteristics and composition. Most previ-
ous studies have suggested that increasing precipitation
can increase community productivity and species rich-
ness, where decreases can decrease community productiv-
ity (Yang et al. 2015). Differences in precipitation directly
affect the number of species in grassland plant communi-
ties in China, but the effects of differences in precipita-
tion on plant community productivity and diversity are
different in different areas (Kigel et al. 2012). Changes in
precipitation can alter diversity and relative abundances
of species contributing to community biomass and thus
may also affect biomass stability (Wilcox et al. 2016). In
the Tibetan Plateau, the increase of precipitation in alpine
grassland promoted the increase of species diversity but
had no effect on biomass (Ma et al. 2017). Increased pre-
cipitation in annual grassland ecosystems promotes plant
diversity yield and abundance, but has little effect on
grass functional groups (Ganjurjav et al. 2018; Zavaleta
et al. 2003). Increased precipitation can also delay the
yellowing stage of meadow steppe to a certain extent,
prolong the growing season, and thus improve plant net
productivity (Hsu et al. 2012). In northern mid-temperate
grasslands, drought during the growing season favors the
growth of non-grasses, reduces species evenness, and
promotes the establishment of drought-tolerant species
(Grant et al. 2017). The impact of precipitation on plant
communities is also indirect through changing soil water
content. Compared with warming, the impact on plant
individuals has a certain lag effect and cumulative effect
(Niu and Wan 2008). Soil buffering capacity can also
alleviate the impact of rainfall pattern change to a certain
extent (Knapp et al. 2008). Simultaneously, changes in
community diversity also affect decomposition and C, N,
and P cycling between plants and soil (Reich et al. 2012).

The decrease of precipitation will reduce soil water
content, affect the absorption and circulation of soil nutri-
ents by plants, and have a strong impact on plant growth
and metabolism (Zhang et al. 2022). Reduced soil water
content can reduce nutrient supply and affect nutrient
cycling between plants and soil by reducing soil miner-
alization rate, soil microbial activity, soil mass flow, and
nutrient diffusion (Borken and Matzner 2009; Sanaul-
lah et al. 2012; Zhang et al. 2021). Previous studies have
shown that plant C content is an important factor affecting
community productivity, so water content not only affects
community biomass but also changes the C content in the
community (Xu et al. 2021; Yi and Zhou 2011). A meta-
analysis showed that N content of herbage decreases non-
linearly with an increase in water availability, whereas

@ Springer

the opposite is observed with plant structural C (Dumont
et al. 2015), indicating that the change of water also had a
significant impact on plant N and P content. By contrast,
under drought conditions, decreases in soil moisture led to
decreases in desorption, dissolution, and diffusion rate of
soil-available P, resulting in decreases in plant P absorp-
tion and thus P content (Dijkstra et al. 2012). Drought also
reduces plant N uptake because of decreases in minerali-
zation, but compared with P content, plant N content is
less sensitive to drought (Borken and Matzner 2009; Long
et al. 2020). Therefore, drought causes an increase in plant
N/P and also makes the plant P limit gradually prominent
(He and Dijkstra 2014). In high-altitude and high-latitude
areas, because of low temperatures and freeze-thaw, soil
generally presents the characteristics of N-restricted.
The nutrient limit of alpine grassland gradually changed
from N-limiting to P-limiting in the northern Tibet and
eastern Qinghai-Tibet Plateau (Zhang et al. 2018b; Zhao
et al. 2017). The results showed that different hydrother-
mal conditions could affect the content and change of C,
N, and P in soil. Long-term drought and low rainfall can
reduce soil nutrient availability and inhibit soil weather-
ing, resulting in slow P release and increased N loss (Bel-
nap 2011). With an increase in precipitation, the input of C
from plant sources to soil gradually increases. An increase
of soil water content also promotes microbial activity and
increases mineralization of soil C. Therefore, precipitation
increases organic C turnover and soil C content in topsoil
(Davidson and Janssens 2006; Widdig et al. 2020).

In grassland ecosystem, the composition of plant com-
munity affects the circulation of elements and the species
alternation and are also restricted by N or P elements.
Especially in extreme environments, the relationship
between community species characteristics and element
content was closer (Sabine 2010). In the northern part of
the Qinghai-Tibet Plateau, the extremely arid alpine Gobi
region, which is unique to China, forms vegetation types
different from other ecosystems. The precipitation in the
study area varies greatly, and it is divided into extreme arid
region from west to east (< 50 mm), arid region (50-199
mm), and semi-arid region (200-499 mm). Therefore, the
plateau arid areas are highly sensitive to changes in precipi-
tation patterns and the resulting water gradient, increasing
ecosystem vulnerability (Yao et al. 2017). Therefore, sam-
ples were taken from west to east along the precipitation
gradient at an altitude of 3000 m in the northern part of the
Qinghai-Tibet Plateau. Therefore, we ask two questions: (1)
Under different water gradients, the contents of C, N, and
P were significantly different and the changes were incon-
sistent in plant communities and soil and (2) community
diversity significantly affected C, N, and P element cycling,
under different water gradients.
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2 Methods and Materials
2.1 Study Site and Design

The Altun-Qilian Mountains transect is located in the
north of Qinghai-Tibet Plateau (87°10'E—103°45'E,
36°00'N-39°43'N). The study area belongs to plateau cli-
mate, which is dry and cold, and the sub-humid mountain
climate of continental cold zone is controlled by westerly
circulation. The annual average temperature is about 0
°C, the annual rainfall is about 30—700 mm, the sunshine
intensity is high, and the temperature difference between
day and night is large. The grassland ecosystems included
meadow grassland, typical grassland, desert grassland, and
alpine grassland by different precipitation gradients and
dominant species types. The soil types are chestnut soil of
mountain steppe, gray brown soil of mountain forest, and
sub-alpine shrub meadow soil (Li et al. 2021). The main
species include Kobresia robusta, Stipa purpurea, Carex
kunlumsannsis, Koeleria cristata, and Oxytropis falcata
(Wu et al. 2013).

In August 2021, 19 samples (named L1-L.19) were ran-
domly located along a horizontal gradient from west to east
at the southern foot of the Altun-Qilian Mountains (Fig. 1).
Information such as geographical location and geomorphic
features were recorded at each sample site. For each plot,
we recorded its geographical location, including its alti-
tude and longitude, altitude, and slope. Five quadrats (100
cm X 100 cm) were arranged in each site, and coverage
was recorded in each quadrat. The respective coverage of
different species composing the community were summed
up by the per species coverage values. We determined the
relative coverage for each species and the relative coverage
for the community as a whole (i.e., coverage percentage) by
estimating coverage for each species as a vertical projection
on the ground. Then, all plants were cut from the ground in
each quadrat, and fresh weights of each species in a quadrat
were measured. Then, samples were oven-dried to constant
weight. In addition, in each quadrat, five soil cores at 0-20
cm (auger diameter = 7.0 cm) were collected and then com-
posited as one sample per quadrat.

2.2 Measured Variables

Soil moisture content was determined by drying method
in which soil sample was dried at 105 °C until a constant
weight is achieved. Soil pH was determined using a con-
ductor meter (1:1 soil-water suspension) and acidimeter
(1:5 soil-water suspension). Soil organic carbon (SOC)
was determined using the K,Cr,0, oxidation. Soil total

nitrogen (TN) was determined by using Vario Macro
Cube-Elemental Analyzer. Soil total phosphorus (TP)
concentrations were determined by using H,SO,-HCIO,
digestion methods. After drying the plant samples at 75 °C
for 48 h, the samples of each quadrat were mixed and the
contents of plant C, N, and P were determined by the same
method as the soil samples (Lu et al. 2015). Plant carbon
(plant C) was determined using the K,Cr,0, oxidation.
Plant nitrogen (plant N) was determined by using Vario
Macro Cube-Elemental Analyzer (Ele-mentar Analysen-
systeme GmbH, German). Plant phosphorus (plant P)
concentrations were determined by using H,SO,-HCIO,
digestion methods (Tang et al. 2018; Viciedo et al. 2021).

2.3 Data Processing
2.3.1 a-Diversity Index

In order to reflect plant community changes, the diversity
index was used to represent species richness, evenness,
dominance, community structure, and spatial heterogeneity
(Zhang et al. 2018c; Whittaker and Niering 1965). Diver-
sity indices were calculated using the data of each species
obtained from a vegetation survey (Table 1), and the specific
indices were determined as follows: Patrick richness index

R

R=S

(1) Shannon-Wiener index (H')
H =-) PP,

(2) Simpson index (D)
D=1-) P

(3) Pielou evenness index (Jsw)

Jsw=H/InS

In these expressions, S represents the total number of spe-
cies in a plot, while P; indicates the relative IV of the ith
species. And S'is the average species number of the quadrat
of the plot (Hill 1973).

2.3.2 B-Diversity Index

The p-diversity refers to the divergence of species com-
position between different habitat communities along
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Fig. 1 Distribution of sample points

environmental gradients or the rate of species replace-
ment along environmental gradients. Measurements of
B-diversity included community dissimilarity based on
species composition and species replacement based on the
distribution boundary (Carvalho et al. 2012). In this study,
B-diversity indices were calculated using the data of each
species obtained from a vegetation survey, the specific
indicators are as follows:

(1) Whittaker index (fw)
fw=S/ma -1

@ Springer

(2) Cody index (Bc)
pe = [g(H) + I(H)] /2

(3) S@rensen index (SI)
SI=2c/(a+Db)

In the expressions, S is the total number of species in all
plots, ma is the average species number of each plot, and
g(H) is the number of species increased along the habitat
gradient H, I(H) is the number of species lost along the
habitat gradient H. a and b are the number of species of the
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Table 1 Location and vegetation types of different study site (p<0.05)

Site  Longitude® (N)  Latitude Annual precip- Moisture Coverage Biomass Species number  Vegetation type
°(E) itation mm % % g/m?

L1 90°2' 38°3' 69.12 0.73+0.62 5.8+£6.57 25.6+27.20 1 Desert grassland
L2 90°0’ 38°2' 69.12 0.37+0.04 27.6+41.14  251.0+426.88 1 Desert grassland
L3 89°57' 37°58' 67.90 3.08+0.80 4.1+3.32 26.5+£38.46 1 Desert grassland
L4 89°54' 37°54' 74.12 0.97+0.04 14+21.49 96.1+149.52 1 Desert grassland
L5 89°55' 37°44' 84.91 1.1+0.09 2.4+2.88 5.5+8.39 1 Desert grassland
L6 95°27 39°14/ 90.75 1.91+0.15 38+14.40 195.4+152.41 1.4 Desert grassland
L7 95°34’ 39°14' 96.03 0.46+0.13 19.4+21.23  176.0+£271.52 3.4 Desert grassland
L8 95°43' 39°6' 97.33 0.58+0.14 5.6+3.05 18.4+11.05 3.6 Desert grassland
L9 96°10’ 38°51' 117.11 1.49+0.10 10.2+3.11 15.3+10.70 4.8 Desert grassland
L10  96°19’ 38°48' 125.73 5.17+0.10 19.6+7.27 30.8+29.89 5.8 Desert grassland
L11  96°30’ 38°41' 158.43 14.21+0.47  40.6+6.02 29.3+£5.21 3.8 Grassland

L12  97°44' 37°24' 212.84 19.64+0.68  26.4+6.88 90.7+£26.78 4.6 Desert grassland
L13  98°17 37°19' 251.23 21.91+3.75  74.6+4.72 29.8+10.75 5.2 Grassland

L14  98°55' 37°13' 288.70 30.59+0.88  87.8+4.21 33.7£10.70 7.6 Grassland

L15  99°5 37°14 283.85 19.73+0.71  90.4+3.44 34.5£7.71 15.6 Grassland

L16  99°2 37°24' 315.14 15.74+0.25  90+2.24 31.7£10.81 11.4 Grassland

L17  99°21' 37°17 316.91 16.08+0.36  77.2+3.77 50.1£13.83 10.2 Grassland

L18  99°35' 37°12 328.73 24.33+1.71  76.8+2.59 54.6+7.32 9 Grassland

L19  100°¢' 37°24 407.21 36.76+1.55  95.6+3.51 55.247.62 11.4 Grassland

two sides, while c indicates the shared number of species in
two plots (Baselga and Orme 2012; Tuomisto 2010).

2.4 Data Analysis

To describe changes in plant community diversity and C, N,
and P contents on the horizontal gradient, field survey data
were statistically analyzed. Differences in diversity among
regions and communities (L1-L19) were investigated by
one-way ANOVA followed by Duncan’s test. Linear regres-
sion was used to analyze the relationship between SOC,
TN, TP, plant C, plant N, plant P, and soil water content
in horizontal gradient. In regression analysis, soil water
content was fixed. Structural equation models (SEM) were
used to analyze direct and indirect effects of plant nutrient
community structure and soil physical and chemical fac-
tors at different positions on the horizontal gradient. SEM
allows testing of multivariable hypotheses, some of which
can be used as both predictive and response variables. To
reduce the variables, soil moisture in all soil layers was
treated equally. Principal component analysis (PCA) was
performed for a-diversity index; plant C, N, and P content;
and soil C, N, and P content, respectively. The first prin-
cipal component (PC1) represents a-diversity (85.14%);
plant C, N, and P (58.98%); and soil C, N, and P (78.01%).
We adjusted the model according to the theoretical knowl-
edge, removed the path with insignificant or weak correla-
tion in the model, and got the final model. The maximum

likelihood estimation method was used to fit the data. The
fitting degree of the model was determined using x 2 test,
comparative fit index (CFI), goodness of fit (GFI), and root
square mean error of approximation (RMSEA). All sta-
tistical analyses were performed using SPSS 21.0 (SPSS,
Inc., Chicago, IL, USA), R 3.4.1 (R Core Team 2017) and
AMOS 22.0 (AMOS Development Co., Greene, Maine,
USA) for SEM analysis.

3 Results

3.1 Community Characteristics at Different Sites
on the Water Gradient

In this study area, vegetation types gradually changed from
alpine desert grassland to alpine grassland from west to east,
and the number of species increased significantly (Table 1).
The community coverage changed significantly on the hori-
zontal gradient, but biomass was not significantly affected
because of large differences among samples. The community
coverage increased significantly from west to east and was
generally lower than 20% in the alpine desert grassland from
L1 to L10, and higher than 70% in the alpine desert grass-
land from L.13 to L19. The lowest community coverage was
2.4% in site L5, and the highest was 95.6% in site L 19. The
biomass of some desert grassland ecosystems (L2, L4, L6,
L7, L12) was higher than that of other grassland ecosystems.
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The lowest biomass was 5.5 g in LS, which was consistent
with the coverage, and the highest biomass was 251 gin L2
(Table 1).

The Shannon-Wiener index ranged from 0 to 2.20, with
the minimum value at the sample point L1 and L3 and the
maximum value at the sample point L15. Simpson index is
0-0.85, and minimum and maximum values are the same
as that of Shannon-Wiener index. Pielou index varied from
0 to 0.91, with the minimum value at sample point L1 and
L3 and the maximum value at sample point L8. a-Diversity
increased significantly from west to east (p < 0.05) (Fig. 2).
The changes of different p-diversity indices in horizontal
gradient were not consistent in the study area. Cody (BC)
index increased significantly from west to east, while Whit-
taker (BW) index decreased significantly from west to east.
In the same ecosystem (desert grassland and grassland), the
variation of B-diversity index was smaller, but the variation
of pB-diversity index was more significant among different
ecosystems (p < 0.05) (Fig. 3a, b, ¢).

3.2 Characteristics of Plant and Soil C, N, and P
Under Different Water Gradients

In the linear regression of plant community nutrients,
C/N/P, and soil water content, it was found that most of the
community nutrients and stoichiometry were highly corre-
lated with water content (Fig. 4). The N and P contents of

plant community were positively correlated with soil water
content (p < 0.001); there was no significant correlation
between C content of community and soil water content.
The C/N and C/P were significantly negatively correlated
with soil water content (p < 0.001); N/P had no significant
correlation with soil water content (Fig. 4a, b, c, d, e, f).

In the correlation analysis of different soil physical and
chemical indexes and stoichiometric ratio with soil water
content, it was found that all indexes were significantly
correlated with soil water content (Fig. 5). SOC, TN, and
TP were positively correlated with soil water content (p <
0.001). Soil C/P and N/P were positively correlated with
soil water content (p < 0.001). Soil C/N and soil pH were
negatively correlated with soil water content (p < 0.05), and
the variation trend of soil C/N with soil water content was
smaller than other indexes (Fig. 5a, b, c, d, e, f, g).

3.3 SEM Analysis of Community Characteristics
andC,N,and P

According to the analysis results of structural equation
model (SEM), the paths with low fitting degree were
deleted (x2=10.809, p=0.373) (Fig. 6). In the final model,
soil moisture had a direct positive effect on species number,
coverage, and soil C, N, and P and a direct negative effect
on B-diversity (p < 0.05). Soil moisture had indirect posi-
tive effects on diversity and plant C, N, and P (p < 0.05).

Fig.2 Variation differences of
a-diversity at various points, ** )
means significant difference, 5
p<0.001
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Species number, coverage, and a-diversity had direct or
indirect positive effects on soil C, N, and P and plant C,
N, and P (p < 0.05). But p-diversity had a direct negative
effect on plant C, N, and P (p < 0.05). At the same time,
a-diversity also had a direct negative effect on B-diversity
and has no significant effect on soil C, N, and P and plant C,
N, and P (p < 0.05). Soil moisture had a significant positive
effect on community characteristic indices and C, N, and P
element indices except pB-diversity, but had a negative effect
on B-diversity. In the same way, except for f-diversity, all
community characteristics had significant positive effects
on element indices, while B-diversity had negative effects
on C, N, and P (Fig. 6, Table 2).

4 Discussion

In this study, the water gradient significantly affected plant
community species composition and diversity in differ-
ent regions. The main vegetation types in the study area
were alpine desert grassland and alpine grassland. With the
increase in longitude along the horizontal gradient from west
to east, precipitation gradually increased, and the vegetation

Site

type gradually changed from desert grassland to grassland
(Table 1). The region also has relatively high altitudes and
low temperatures, placing it in the cold plateau zone (Wu
et al. 2013). In arid and semiarid regions, precipitation is the
most important environmental factor affecting plant growth
and community composition (Klein et al. 2004; Yang et al.
2011). Increases in water content contribute to plant commu-
nity development and formation, and herbaceous plants in
cold regions also have relatively high resistance to extremely
cold conditions. Therefore, in other studies at the same alti-
tude in the central Tibetan Plateau, grassland vegetation
types are dominated by Gramineae (Bhatta et al. 2018; Niu
et al. 2019). This observation is consistent with the results
of vegetation types in the east of the horizontal gradient.
With changes in community species composition, species
diversity and species transfer rate between communities also
changed. All a-diversity indices increased significantly from
west to east on the horizontal gradient, but in the same eco-
system, variation in a-diversity was low (Fig. 2). This result
is not consistent with those of previous studies that showed
a decrease or no significant change with increasing longi-
tude in other regions (La et al. 2014; Martinez-Hernandez
et al. 2017). The differences were mainly due to the extreme
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climate in the western part of the study area, where the cold
and dry environments were not conducive to plant growth
(Zhu et al. 2023b; Baruch 1984). With the increase in lon-
gitude, water conditions improved, and some cold-tolerant
and water-loving grasses began to appear, increasing species
richness (Liu et al. 2018). With the increase in species rich-
ness, evenness also increased, indicating that community
stability and ability to resist external environmental changes
increased and that community structure and composition
tended to be complex (Harrison et al. 2020; White et al.
2014). In the study area, the improvement in water condi-
tions also had positive effects on community construction
and development. Alpha-diversity and p-diversity reflect dif-
ferences in species composition within and between commu-
nities, respectively. Therefore, environmental disturbances
and increases in a-diversity also affect p-diversity. Although
B-diversity was not significantly different in the same eco-
system, it was significantly different among ecological types.
Therefore, the same vegetation type within a similar range
had strong homogeneity, whereas different vegetation types
under different environmental conditions had strong hetero-
geneity (Kraft et al. 2011; Wang et al. 2014). Environmental
heterogeneity also leads to niche diversity, thus providing
space and opportunities for species to diversify (Yang et al.
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2016). Overall, the environment in the study area varied
greatly from west to east, resulting in high habitat diversity,
and increases in community species also increased differ-
ences in microenvironments among communities.
Grassland ecosystems are mostly limited by N or N and
P. Drought reduces N and P contents in shrub communities
and increases N and P contents in herbaceous communities
(Van Dobben et al. 2017; Wang et al. 2019). In contrast to
previous research, N and P contents of plant communities in
this study generally decreased with the increase in degree of
drought (Fig. 4). This result was mainly because the study
area in the west (L1-L10) was desert grassland ecosystem,
with plant community characteristics of nutrient absorp-
tion and utilization consistent with ecological strategies of
small shrubs in dry environments. In addition, part of the
opportunistic strategy of herbaceous species disappeared,
which reduces nutrients in a community (Hetherington
and Woodward 2003; Vander Yacht et al. 2017). Relations
between stoichiometric ratios of plant communities and soil
water content were different from those of plant nutrients
(Fig. 4). The influence of soil water content on C content in
communities was much greater than that on N and P con-
tents, whereas the influence on N and P was the same. This
result was mainly because in the alpine desert grassland
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Fig.5 Linear regression between soil physical and chemical indexes and soil moisture; the solid line indicates a significant correlation (p <
0.05). SOC soil organic carbon, TN soil total nitrogen, TP soil total phosphorus

ecosystem, small shrubs with relatively high xylem flow
increased, leading to increases in C/N and C/P ratios (Yang
and Liu 2019). However, with the increase in water sup-
ply, the alpine desert grassland ecosystem transitioned to an
alpine grassland ecosystem, with the main vegetation type
herbaceous plants. High N and P ensures rapid growth of
those plants, and thus, C/N and C/P ratios are low (Matzek
and Vitousek 2009). Differences in water use among dif-
ferent vegetation types also lead to differences in nutrient
use in plant communities (Prieto et al. 2012; Wang et al.
2016). The community N/P ratio in the study area was gener-
ally less than 14, indicating that the study area was mainly
limited by N or by N and P (Giisewell 2004). The results
are consistent with those of previous research; that is, high-
altitude and high-latitude areas are mainly limited by N (Fay
et al. 2015). Therefore, there are significant differences in
nutrient concentrations and stoichiometry of plant com-
munities in different ecosystems. In this study, soil water
content and soil C, N, and P contents were extremely signifi-
cantly positively correlated (p < 0.001; Fig. 5). The results
indicated that the increase in soil water content promoted

changes in soil nutrient cycling from west to east. Differ-
ences in soil C and N contents among different ecosystems
and P content among parent materials in different regions
resulted in differences in soil stoichiometric ratios (Fig. 5).
Soil N/P and C/P ratios were consistent with the variation in
soil nutrients with water content, further indicating that envi-
ronmental conditions had much greater effects on soil C/N
ratio than on soil P content (Augusto et al. 2017; Mehmood
et al. 2018). The decreases in soil N/P and C/P ratios also
indicated that with the growth of plant communities and
the increase in water content, the decomposition rate of
organic matter in soil accelerated and the efficiency of N
and P in soil increased (Chen and Chen 2021; McGroddy
et al. 2004). However, the soil C/N ratio decreased slightly
with the increase in soil water content, which was in contrast
to other stoichiometric ratios. The result indicated that soils
had high stoichiometric homeostasis and that soil C and N
also maintained high coupling under different environmental
conditions (Li et al. 2020). Such high coupling might be
because organic matter in soil is composed of C and N at a
fixed ratio (Pribyl 2010), which also reflects the consistency
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Fig.6 Structural equation model of soil water content for plant and
soil nutrient community indicators in horizontal gradient. The models
fit the data well: x2=10.809, p=0.373, AIC=46.809, RMSEA=0.030,
CFI=0.999, GFI=0.968. Principal component analysis (PCA) was
performed for a-diversity index; plant carbon (C), nitrogen (N), and
phosphorus (P) content; and soil carbon (C), nitrogen (N), and phos-
phorus (P) content, respectively. The first principal component (PC1)
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represents a-diversity, plant CNP, and soil CNP. Numbers adjacent to
arrows are the standardized path coefficients (equivalent to correlation
coefficients). Arrow thickness indicate the strength of the relation-
ships. Solid arrows denote significant effects (p < 0.05), the direction
of arrows represents top-down and bottom-up forces; R values associ-
ated with response variables indicate the variance accounted for by the
mode. Non-significant paths are removed in the final model

Table 2 Standardized effects

. Moisture Species Number a-Diversity B-Diversity Coverage
derived from the structural
equation modeling (SEM) Species number 0.682
a-Diversity 0.511 0.750
B-Diversity —0.656 -0.576 -0.767
Coverage 0.840 0.407 0.000 0.000
Plant CNP 0.611 0.360 0.189 —0.246 0.535
Soil CNP 0.863 0.391 0.000 0.000 0.434

Principal component analysis (PCA) was performed for a-diversity index; plant carbon (C), nitrogen (N),
phosphorus (P) content; and soil carbon (C), nitrogen (N), and phosphorus (P) content, respectively. The
first principal component (PC1) represents a-diversity, plant CNP, and soil CNP

in spatial variation of C and N and indicates that the increase
in soil water content promoted the coupling of soil C, N, and
P (Chen et al. 2016; Luo et al. 2006).

In the study area, the changes in N and P contents in
plant communities were consistent with the changes in soil
TN and TP contents, but the change in C content in com-
munities was not consistent with the change in SOC. This
result suggested that plant community and soil nutrients
responded equally to changes in horizontal gradient envi-
ronmental conditions, with plant communities changing
nutrient concentrations by changing community species

@ Springer

composition and individual rates of growth and soils chang-
ing nutrient status by changing soil texture and microbial
activity (Mooshammer et al. 2017; Pefiuelas et al. 2013).
Therefore, the stoichiometric ratios of plant communities
were directly negatively correlated with those of soil, indi-
cating that soils, similar to plant communities, had high
homeostasis and maintained coupling of nutrients under dif-
ferent environmental conditions (Li et al. 2020). Coupling
of C, N, and P in plant communities and soils also affects
the cycling and utilization of various nutrients between
plant and soil (Mulder and Elser 2009; Tian et al. 2010).
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On the horizontal gradient of similar latitude, water was
considered to be the most significant environmental fac-
tor affecting communities and soils, and water content is
also the main factor affecting community structure and soil
nutrients in arid areas (Tian et al. 2019). Therefore, the rela-
tions between soil moisture content, community indicators,
and C, N, and P were analyzed by an SEM (Fig. 6). Soil
water content had positive effects on communities, nutri-
ents, and soils but had indirect negative effects on plant C
content and  diversity. The results were mainly because
the increase in water content promoted plant growth and
increases in species, which gradually reduced the domi-
nant high-carbon species in the original desert grassland
ecosystem and increased species with high demand for N
and P, such as legumes and Gramineae (Guinet et al. 2020).
With the increase in soil moisture content, desert grassland
vegetation type transitioned to grassland vegetation type,
and as a result, habitat differences gradually decreased and
therefore species differences in grassland ecosystems also
gradually decreased, which influenced diversity indices.
Overall, increases in water promoted changes in species to
increase community stability and homogeneity (Niu et al.
2019; Robertson et al. 2010).

5 Conclusion

The results showed that the vegetation types changed from
desert grassland to grassland from west to east with the
change of water gradient. At the same time, the increase
of precipitation caused by horizontal gradient significantly
increased species diversity and community coverage. The
species diversity and stability in the regions with more
precipitation were significantly higher than those in the
regions with less precipitation, indicating greater environ-
mental heterogeneity caused by different precipitation dif-
ferences. At this latitude and altitude, the overall environ-
ment is harsh, belonging to the arid and semi-arid alpine
zone, with low community structure and stability, and
strong response to water changes. Along the horizontal gra-
dients, environment and soil parent material had different
effects on plant communities. Soil carbon and nitrogen con-
tent was significantly different among community types,
and soil phosphorus was significantly different among geo-
graphical regions, but the carbon, nitrogen, and phospho-
rus content of plant community was significantly different
from that of environment. In this study area, the restriction
conditions of plant growth nutrients caused by nitrogen
and phosphorus deficiency gradually became prominent,
but the community structure became richer and more sta-
ble. Plant community diversity influenced the distribution
of carbon, nitrogen, and phosphorus in response to water
change. Therefore, changes in community characteristics

are important causes affecting nutrient cycling, and these
causes are different between different community types.
This is consistent with our hypothesis. The results of the
investigation of community characteristics and ecological
stoichiometry reflect the nutrient allocation strategies of
different community types under horizontal gradient, and
provide a research basis for the study of plant growth and
community succession in similar areas.
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